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ABSTRACT 



In a CCD in which a pixel is defined by at least two 
adjacent gate electrodes, voltages are applied to both 
gate electrodes to simultaneously place both gates of 
each pixel in a mode of operation whereby holes are 
accumulated at the surface of a substrate in which the 
CCD is formed. Preferably one of these voltages is at a 
higher potential level than the other. 
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leaving the surface depleted of majority carriers. Since 

REDUCING DARK CURRENT IN CHARGE the state of the generation regions is now exactly the 

COUPLED DEVICES same as before the electron and hole emission events, 

. the surface and depletion region defects continue to 

This is a continuation of application Ser. No. 402,735, 5 generate electron and hole pairs, thus acting as sources 

filed Sept. 5, 1989, now abandoned. of dark current. This generation process ceases only if 

vrci n nc xwc Twr:isrrinM excess of either electrons or holes develop in the 

rJxXD ut V-fciN i iuin region where the defect exists. Modern fabrication tech- 

This invention relates to a method and apparatus for nology has reduced the concentrations of both defects 

reducing dark current in charge coupled devices 10 in the depletion region and also defects leading to bulk 

(CCDs). current to such an extent that the surface state genera- 

BACKGROUND OF THE INVENTION f ion ^chanism is the dominant source of dark current 

in buned channel CCDs. 

A true two phase CCD refers to a device in which Accordingly, it is an object of this invention to re- 
there are two physical gates per pixel, with each gate 15 duce ^ s surface state component of dark current, 
having both a transfer and a storage region formed in 

the silicon under it. There are two voltage phase lines SUMMARY OF THE INVENTION 

4>i and The charge coupling concept is used in To accom plish the above object there is provided a 

frame transfer and interline transfer CCD image sensing me thod of reducing dark current in a buried channel 

devices. An example of a frame transfer area image 20 CCD in which a pixel is defined by at least two adjacent 

sensor 10 is shown in FIG. 1. . electrodes, comprising the step of: 

A schematic cross-section for a true two phase CCD during ^ operation of such CCD simultaneously plac- 

is shown in FIG. la. A true two phase CCD is described mg ^ e]ectrodes m a mode of operation whereby 

in detail in commonly assigned U.S. Pat. No. 4,613.402 holes m drawn tQ thc chan ne\ to combine with the 

to Losee and Lavine. A true two phase CCD has stor- 25 dflrk curren( el ectr0 ns 

age and transfer regions beneath each phase gate. In ^ accordance with th i s invention, dark current gen- 

FIG. la the phase gates are abeled by either first or erfttion fa efrectjvely suppre$S ed by holding all 

second polycrystalhne silicon (poly-Si), and the transfer . fa fl modfi of tion in which the gates 

™t forage regions by regions (1) and (2) for <P, and (3 £ * ^ whcfcb hoIes m Amm tQ the 

and (4) for 30 smcon/dHco rdioxide interface for all but the time 

devices will be considered^ This ^ for f ch from Qne CCD 

equally to d»»d I den For ^an n^hannel q ^ e fa ^ mode rf 

CCD, winch is .1 ^ Ration, a voltage must be applied that attracts holes 

bv an n-type doping in a p*type substrate or m a p-well * » ° . *r . f 

ban n^e substrate. The Transfer and storage buried 35 » the sihcon-SiQj interface. Appropriate voltages for 

channelregionsaredifferemiatedbylessormfreofthe mode of °P*««.on are ^enij^ete 

n-buried channel doping, respectively. U.S. Pat. No. n-and pruned channel dev.ce , respect vely. The true 

4,613,402 discloses a detailed procedure for making true ™° Pha* architecture .s ideally suited to this mode of 

tu/n nha^e CCD devices operation. 

Tne electrostatic potential band diagram through one 40 . *» accordance with this invention, the channel poten- 
of the phase gate electrodes, the buried channel and the tials beneath the barner and storage regions must be 
substrate of an image pixel is shown in FIG. 2. The chosen properly to avoid imxing of adjacent pixel sig. 
buried channel is shown reverse biased and with a posi- nals when operating in the above described mode, 
tive gate voltage, Vg, to create a depleted surface. In This invention is suitable for use m frame transfer 
this situation, the Fermi level (E f ), although not shown, 45 CCD imagers during both integration and readout. It 
will be near the middle of the band gap at the oxide-Si can also be appbed to interline transfer CCD imagers 
interface. In a buried channel CCD, dark current arises during readout of the optically generated signal, 
from three main sources: (1) generation from a mid-gap An advantage of operating a frame transfer CCD in 
state resulting from either the disrupted lattice or an the mode described hereinabove is to dramatically re- 
impurity at a depleted Si-Si0 2 interface, (2) generation 50 duce the dark current during both integration and read- 
in the depletion region as a result of an impurity or out and the dark fixed pattern noise that accrues during 
defect with a mid-gap state and (3) diffusion of electrons integration. The dark current reduction translates into 
to the buried channel from the substrate. All three both increased dynamic range and reduced dark signal 
sources, result in spurious charges being collected as shot noise. 

signal in the buried channel The mechanism for dark 55 Another advantage of this invention is the capability 
current generation both at the surface and in the deple- to accommodate interlaced operation during both uite- 
tion region is illustrated in FIG. 2 and is as follows: A gration and readout in a frame transfer image sensor 
generation site (defect) emits an electron (negative without loss of performance by performing a one half 
charge) into the conduction band in the buried channel stage normal transfer following one of the fields to 
and a hole (positive charge) into the valence band. In 60 assure proper pixel alignment to avoid pixel mixing 
both cases, the electron is captured by the buried chan- during subsequent accumulation periods, 
nel as dark signal, and if the spatial region where the BRIEF DESCRIPTION OF THE DRAWINGS 
hole is emitted to the valence band is depleted of major- 
ity carriers then the holes will migrate away from their FIG. 1 is a schematic plan view of a true two phase 
point of generation thus leaving the region depleted of 65 area image sensor; 

majority carriers. A hole generated in the depletion FIG. la is a fragmentary, partially schematic vertical 

region is driven to the substrate. A hole generated at the sectional view taken along the lines a— a of the two 

surface goes laterally to a channel stop region, again phase CCD device of FIG. 1 showing an image pixel; 
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FIG. 2 is an electrostatic potential band diagram for an optional transfer gate 16 and a horizontal channel 

the image pixel of FIG. la illustrating the mechanisms stop 18. The transfer gate 16 may be one of the phase 

for the generations of dark current; . clocks of the vertical register. Each cell of the output 

FIGS. 3o and 3b illustrate electrostatic potential band register H has two gate electrodes aligned with a trans* 

diagrams similar to FIG. 2 showing surface depletion 5 fer channel. These electrodes are actuated by signals on 

mode of operation and the mode of operation where voltage lines 4>i through <t>lin the conventional manner, 

there is an accumulation of holes; The transfer gate electrode 16 is actuated by a first 

FIGS. 4a and 4b are graphs which respectively illus- transfer signal Ti and transfers a row of photocharges to 

trate gate voltage vs. channel potential and gate voltage the output register H. 

vs. dark current for a gate of FIG. la; 10 After a row of photocharges has been transferred to 

FIG. 5 schematically illustrates three gate electrodes the output register H, the transfer gate 30 is closed. By 

of a true two phase CCD and potential wells under being closed is meant that a potential barrier is formed 

these gates when changing from the end of a transfer under this transfer electrode. At this time, the output 

period through a mode of operating where holes are ■ register is operated in a two phase manner, clocking the 

accumulated thereunder these gates; and 15 photocharge put to an output diode 32, one pixel at a 

FIG. 6 illustrates the electrostatic potential maxi- time. The output diode 32 converts the photocharges 

mum, in vol ts> vs gate voltage for a vertical cross-sec- into a voltage. 

tion through regions (a), (c) and (d) of FIG. 5, as well as Before proceeding further, the mechanism for operat- 
the charge capacity in electrons/jim 2 vs gate voltage ing in a mode in accordance with the present invention 
for region (d) of FIG. 5. 20 will now be discussed. The generation of dark current 
rxrc^TivriAKT r^rr mc nDcccDncn due to surface generation sites can be significantly re- 
DESCRIPTION fOF^ TOE PREFERRED duced if a voltage is applied to a gate electrode to accu- 
EMBODIMENT mulate holes under that electrode. 
For illustrative purposes, the present invention is The mechanism underlying this effect will now be 
described with reference to a frame transfer CCD 25 discussed. The accumulation of holes at the Si-Si02 
image sensor 10 as shown in FIG. 1. In this arrange- interface suppresses further generation of dark current 
ment, charge transfer channels 12 run in vertical direc- and can be understood as driving the reaction of pro- 
tions. Separating each transfer channel is a channel stop ducing electron hole pairs (previously discussed) in the 
14 which confines charge collected to the transfer than- reverse direction, i.e., hole capture by the defect rather 
nels and prevents charge leakage into adjacent chan- 30 than hole emission from the defect. The state of accu- 
nels. Each transfer channel 12 has a plurality of sensing initiation of holes at the Si*Si02 interface beneath any 
elements or image pixels (or, for an interline transfer CCD phase gate can be controlled by the voltage, Vg, 
CCD, stages of the vertical shift register). Each pixel is applied to the gate. As is well known in the physics of 
defined by two closely spaced gates per pixel since this MOS devices, the hole density in the valence band is 
is a two phase device. The gate electrodes can be made 35 determined by the separation of the Fermi level, Ef, 
from a transparent conductive material such as polysili- from the valence band, Ev. The density of holes in- 
con. A potential is applied to each of the electrodes of creases dramatically when that separation becomes less 
each sensing element and a potential well or depletion than approximately i the band gap, i.e., the separation 
region is formed under it. Charge, which is a function of between Ev and Ec. The separation is controlled by the 
scene brightness, is collected in the potential well. In a 40 gate voltage, Vg. In FIG. 3a, this separation is practi- 
buried channel CCD, the electrodes are disposed on an cally the entire band gap so the semiconductor surface 
insulator such as Si02. The insulator overlies the sub- just beneath the gate insulator is depleted of holes (ma- 
strate. The substrate is doped and can be of a given jority carriers). 

conductivity type, for example, p-type for an n-channel FIG. 3b illustrates the condition of sufficiently more 

device. For an n-buried channel device, the surface 45 negative gate voltage than for FIG. 3a such that holes 

region near the insulator in the substrate is n-conduc- are attracted to the Si-Si02 interface beneath the gate 

tivity type and opposite to that of the bulk substrate and electrode. At even more negative gate voltages, Vg, the 

of such a concentration that when a predetermined layer of holes shields the buried channel from the effects 

potential is applied to the electrode, a potential well is of the gate voltage. The gate is now accumulated with 

formed within the substrate spaced from the insulator. 50 holes and the dark current drops to a low value. The 

The image sensor 10 comprises a frame transfer true channel potential, Vc, is the difference between the 
two phase CCD having voltage phase lines $) and <t>2 Fermi level for the substrate, Ef» and the Quasi Fermi 
and a buried channel. The pixels define a two dimen- level for the empty buried channel. The value of Vc is 
sional array, which for illustrative purposes only, is controlled by the gate voltage, Vg, until the gate volt- 
shown to have 740 columns and 485 rows of pixels. 55 age becomes sufficiently negative to accumulate the 
Each transparent electrode is connected to one line or silicon surface beneath the gate insulator with holes, at 
phase of a two phase voltage clock signal source. After which point Vg no longer controls Vc. This is illus- 
exposure to incident light, the voltage signals on the trated on FIGS. 4a and 4b. This transition occurs over 
phase lines are sequentially applied in the well known a small gate voltage range. FIG. 4a shows the dark 
manner to the image sensing array to move the image- 60 current reduction, and FIG. 4b shows the channel no- 
wise charge pattern formed in the pixels one row at a tential saturation when the surface is accumulated with 
time to an output register shown as block H. holes. 

High frequency clock pulses drive the polysilicon Turning now to FIG. 5 where the operation of the 

gate electrodes to read out each of the rows of the CCD of FIG. 1 in accordance with a method of the 

image sensor at a rate determined by the particular 65 present invention is illustrated. At the top of this FIG. is 

application. The output register H is shown schemati- a schematic representation of 1 and | pixels of the true 

cally as a block since it can be provided by a conven- two phase CCD shift register. One pixel is comprised of 

tional two phase CCD shift register positioned between two gates. For each gate, the regions labeled (a), (c), 
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and (b) and (d) are the transfer and storage regions of Line 7: At the time that a stagc-to-stage charge trans- 

the gate's buried channel. See also FIG. la. It is impor- fer is to be made, the voltage is increased and all the 

tant to note as shown in FIG. la the transfer regions (a) signal is held beneath the gate connected to <J>i again, 

and (c) are more lightly doped (n — ) than the storage The normal clocking sequence is applied to transfer the 

regions (b) and (d) (n~). It should be noted that other 5 charge from one stage to the next, leaving the signal 

means than doping differences could be employed to beneath the <t>i gate as shown in line 1, but transferred 

form the storage and transfer regions beneath a phase one full CCD stage along the shift register, The cycle of 

gate. One suitable method is a gate insulator thickness lines 1-6 can now be repeated to simultaneously again 

difference. The storage region could be fabricated with P^ce both gates at the potential at which the accumula- 

a thicker gate insulator than the transfer region, for 10 tion of holes occurs to suppress the dark current be- 

example. Lines 1-7 show the channel potential (solid stage-to-stage transfer. 

line) and the location of the signal charge (shaded) in a The preceding procedure can be applied during the 

sequence of times as the phase one gates are clocked to rea <Jout of either a frame transfer or an interline transfer 

a potential accumulation of holes occurs between stage- CCD Suc * *P™ ced » re * a Pj> 1,ed tp the phase gates of 

to-stage transfer down the CCD shift register. A discus- 15 ver V cal durm * readout of the horizontal out- 

sion of the mode of operation where the accumulation P ut ™& si *- J** minimum dark current reduction de- 

of holes occurs during charge integration follows the Pf nds on the {t * cUo " of the toi f f ram f ?* dout Umc * e 

discussion of that mode of operation during stage-to- P hase f » « at the P?*™ al at whl <* * e *°cumula ; 

transfer holes occurs. Furthermore, the dark current 

(A} Pixel to Pixel Transfer 20 reduction may he larger if the holes are not emitted 

Tii?* 4^Z'?r*uL *,~u7ll\~A .i^i ^ Q ,„„ from the mid-gap states during the time the gates are not 

Line 1: This is the voltage and signal charge configu- * , P ^ accumuJati * n of holes 

ration at the end of a normal stage-to-stage transfer _ 11T . C £7™„ t t,« cion ~ eta „ P t r ^^ r rrn 

down the CCD shift register. The voltage applied to ° h ^ e ^ g the sta « e " to - sta « e transfer alon * the CCD 

phase line 4> 2 is low and that applied to * is higk The , £ ^ 

signal charge resides in the storage well beneath the Fo ' r ^ frame mmfer architecture( the dark current 

gates connected to Oj. The surface component of the can a , SQ ^ sil ed durin integration, i.e., during 

dark current is suppressed beneath the gate connected the time that the senS0f ixds m icaJly ^ 

to <t> 2 . The dark current beneath the gate connected to ^ k accomplished by biasing the gates ^ in j inc 6 of 

Oi can also be suppressed by driving it to accumulate 3(J nG 5 ^ p Uel must ^ defmed j ust u m FI q 5 t0 

n0 ^ es * . eliminate mixing of information between pixels. In FIG. 

Lines 2-4: Begin to take phase line <»i low, i.e. toward 5 ^ image pixd is defined by the left gate connected to 
the potential at which the accumulation of holes occurs. <j> 2 m6 ^ middIe gate connected to wi since excess 
All the signal charge still resides beneath the gate con- charge beneath one will spill into the other and there- 
nected to 4>i. At some voltage on phase line, <I>i, the 35 fore remain ^ the pixel> definition of a pixel is 
transfer region reaches the potential at which the accu- important if, for example, a color filter pattern is applied 
mulation of holes occurs and this is the condition at line sucn tnat different colors occur in the same column. As 
4. At this point the channel potential in the transfer in the case of accumulation of holes occurs during read- 
region saturates so that a further reduction in the <t>i out) f 0r sucn operation during integration the potential 
voltage results in no further reduction in the channel 40 channel potential at which this operation occurs in the 
potential beneath the gate transfer region connected to transfer region for <l>j gate must be more positive than 
$ 1 • the channel potential for such operation for the <I>2 gate. 

Line 5: Because this transfer region is now at which current reduction of 50 times have been noted 

the potential at which the accumulation of holes occurs, at the potential at which the full accumulation of holes 

a further reduction of the $1 gate voltage results in a 45 occurs at room temperature for true two phase, frame 

reduction in the channel potential of the storage region. transfer CCD imagers. 

As a consequence, the storage well begins to collapse, FIG. 6 shows the electrostatic potential for the trans- 
resulting in a decrease in the charge handling capacity f er and storage region for the <I>i gate, along with its 
of the Oi gate. The excess signal spills either backward charge capacity. These curves are calculated from a one 
or forward, depending on the relative channel poten- 50 dimensional electrostatics model. The charge capacity 
tials of phases 1 and 2. In this example, the channel j s determined to be the quantity of charge required to 
potential is greater beneath <t>i, so the excess charge fill the storage region so that its electrostatic potential 
spills backward and is shown shaded beneath $2. reaches to within i volt of the transfer region channel 
Line 6: The gate connected to <J>i is now completely potential The doping distribution in the storage region 
at the potential at which the accumulation of holes 35 (d) is selected to yield an electrostatic potential of 7.75 
occurs and the signal is now shared between the pixel volts at Vg=0and an accumulation electrostatic poten- 
gates connected to $1 and Oj. Both gates of each pixel tial (large negative Vg) of 2.3 volts. The transfer region 
are now simultaneously in the mode of operation at (c) has an electrostatic potential of 3.75 volts at Vg=0 
which accumulation of holes occurs. This is illustrated and an accumulation channel potential of 1.75 volts, 
by the shaded areas. The surface contribution to the 60 The charge capacity is also shown on the same scale 
dark current is how suppressed. The channel potentials and is at Vg=0 is approximately 10,000 e/um 2 (elec- 
should be chosen so that the charge capacity is not trons per square micrometer). As the gate is reduced 
dramatically reduced, i.e., the accumulated charge ca- and the potential well collapses the charge capacity 
pacity beneath one phase should be no less than approx- diminishes and at the potential at which the accumlation 
imately i the charge capacity in the normal unac- 63 of holes occurs of both storage and transfer gates the 
cumulated bias condition, as is shown in line 2, since in charge capacity becomes . approximately 5700 elec- 
the accumulated condition the signal is shared between trons/ym 2 . In this state the excess charge is shared with 
both pixel gates. the $2 gate, so the 10,000 electrons/^m 2 can easily be 
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accommodated by the two regions of 3700 elec- regions sequentially formed under each gate, the 

trons/jim 2 each when both phases are accumulated to method comprising the step of: 

reduce the dark current. Therefore the saturation or . simultaneously applying voltages to both phase lines 

maximum charge capacity of the CCD is hot reduced Oi and (hso as to attract holes to the buried chan- 

by the mode of operation where the accumulation of 5 ne ] with the difference in channel potentials of the 

holes occurs. The electrostatic potential of the <I>2 trans- transfer regions so chosen that a given pixel signal 

fer region is also included on FIG. 6. It is designed to be j s no t mixed with signals contained in adjacent 

approximately i volt less positive than <t>i as required pixels. 

for a pixel definition as was discussed for FIG. 5. The 3. A method of reducing dark current during the 

experimentally measured channel potentials match the 10 operation of a true two phase, buried channel CCD 

channel potential curves of FIG. 6, and the experimeri- a p. type subs trate and an n-buried channel, with 

tally measured charge capacity is not diminished in the such qqq j^^g a repeatmg se ries of two gate pixels 

mode of operation at which the accumulation of holes with tne firgt pixd gatc ^g con nected to a phase line 

occurs, which is consistent with the calculated charge Qu md the |eci|d pixe , gate to a phasc line q 2( ^ 

capacity shown in FIG. 6. ' " CCD buried channel gate having transfer and storage 

The invention has been descnbed m de^J with par- rc ^ ons sequentially formed under each gate, the 

tcular reference to a true two phase CCD^ preferred method CQm rising ^ stc of: 

embodiment thereof, but it will be understood that van- Bimultan eously applying voltages to both phase lines 

ations and modifications can be effected within die Q md Q £ \tSact ho 5 lcs 10 thc ^ chan . 

spirit and scope of the invention For example it is also 20 nei ^ diff m channel ak f ^ 

applicable to a pseudo two phase device. In such a fe ^ n h ^ h £ ^ . ^ 

device each pixel has four electrodes but there are only . ... . . j ■ * 

two phase lines and 4> 2 . The first two pixel elec- » «ot mixed with signals contained in adjacent 

trodes are connected to <J>i and the second two elec- A PJ? e s . , - e . . _ . . . 

trodes are connected to <*> 2 ; One member of each pair 25 , * Jhe method of claim 3 wherein charge is trans- 
becomes the storage region and the other member of f^ea; from one pixel to another 

eachpairbecomestiietransferregion.Thevaluesofthe * A **** of r f ducm « da * cur j* en J dur V*™ 

channel potentials of the storage and transfer regions of ^ atl0n of tw0 ^ buned channel CCD 

each pair must be chosen as described above for the true ^ ■ P"W substrate ™ d an «;buned channel, with 

two phase in order to properly define a pixel. 30 such CCD having a repeatmg series of two gate pixels 

What is claimed is: . w * ^ ***** P ae * 8 ate Dem 8 connected to a phase line 

1. A method of reducing dark current during the °i- thc ***** P^el gate to a phase line O2, each 
operation of a two phase buried channel CCD having a CCD bu ned channel gate having transfer and storage 
repeating series of two gate pixels with the first pixel do P m g sequentially formed under each gate, 
gate being connected to a phase line Oi and the second 35 -'and wherein the transfer regions are more lightly doped 
pixel gate to a phase line 0 2 , the method comprising the ( n ~ -) than the storage regions (n-) so that a given 
step of: P* xe l signal is not mixed with signals contained in adja* 

simultaneously applying appropriate voltages to both cent pixels, comprising simultaneously applying volt- 
phase lines Oi and O2 so as to attract holes to the ages to both phase lines Oi and O2 so as to attract holes 
buried channel. 40 to the buried channel such that the difference in the 

2. A method of reducing dark current during the channel potentials of the two transfer regions is so 
operation of a two phase, buried channel CCD having a chosen that a given pixel signal is not mixed with signal 
repeating series of two gate pixels with the first pixel contained in adjacent pixels. 

gate being connected to a phase line Oj and the second 6. Hie method of claim 5 wherein charge is trans- 
pixel gate being connected to a phase line O2, each 45 ferred from one pixel to another. 
CCD buried channel gate having transfer and storage .•♦**•• 
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